Purpose To determine the toxicities, pharmacokinetics, pharmacodynamics, and maximum tolerated dose of bortezomib in patients with renal impairment and to develop dosing guidelines for such a patient population. ); and dialysis. Dose escalation was planned for the four cohorts with renal dysfunction. Plasma bortezomib concentrations and blood 20S proteasome inhibition were assayed. Results Bortezomib escalation to the standard 1.3 mg/m 2 dose was well tolerated in all patients with CrCl ¸20 ml/ min/1.73 m 2 ; 0.7 mg/m 2 was tolerated in three patients with severe renal dysfunction (<20 ml/min/1.73 m 2 ). Bortezomib dose escalation was well tolerated in nine dialysis patients, including to 1.3 mg/m 2 in four patients. Decreased CrCl did not aVect bortezomib pharmacokinetics or pharmacodynamics. Bortezomib-related side-eVects were neither more common nor severe in patients with renal dysfunction versus those with normal renal function. 
Introduction
The ubiquitin-proteasome pathway has an essential role in the breakdown of many intracellular proteins [1] [2] [3] . Following ubiquitination, proteins, including those involved in cell-cycle regulation [4] , angiogenesis [5] , apoptosis [6] , and cell adhesion [7, 8] are lysed by the proteasome. Due to the many processes aVected by the proteasome, proteasome inhibition results in a wide range of cellular eVects [9, 10] .
Bortezomib is a highly selective and reversible proteasome inhibitor that is approved for treatment of patients with multiple myeloma (MM) or mantle cell lymphoma (MCL) who have received at least one prior therapy. Bortezomib activity in MM and MCL patients is clear, with overall response rates of 43%, including 9% complete response (CR), in relapsed/refractory MM patients [7, 11] 1%, including 30% CR, in newly diagnosed MM patients (when administered with melphalan-prednisone) [12] , and 32%, including 8% CR, in relapsed/refractory MCL patients [13] . Bortezomib is well tolerated by MM and MCL patients; major side-eVects include peripheral neuropathy, myelosuppression, and hypotension.
Although MM patients with signiWcant renal impairment have been included in previous clinical trials of bortezomib [14, 15] , no study has prospectively evaluated the safety of bortezomib in patients with renal impairment. A full pharmacokinetic and pharmacodynamic evaluation was indicated to allow the development of dosing guidelines for the use of bortezomib in these patients. The primary objectives of the present study by the Organ Dysfunction Working Group (ODWG) of the National Cancer Institute Cancer Treatment Evaluation Program (NCI CTEP) were to evaluate the safety, tolerability, and maximum tolerated dose and to characterize the pharmacokinetic and pharmacodynamic proWles of bortezomib in adults with advanced malignancies and renal dysfunction.
Patient and methods

Patient eligibility
Enrollment was limited to patients with histologically conWrmed advanced malignancy, including non-Hodgkin's lymphoma and MM, for whom eVective standard therapy was not available. Inclusion criteria were as follows: measurable or evaluable disease; Eastern Cooperative Oncology Group (ECOG) performance status 0-2; life expectancy ¸12 weeks; age ¸18 years; absolute neutrophil count ¸1,000/ l, platelets ¸50,000/ l; total bilirubin ·1.5 £ upper limit of normal [ULN], aspartate aminotransferase ·2.5 £ ULN, or ·5 £ ULN in cases of liver involvement. Exclusion criteria included peripheral neuropathy ¸ grade 2 (NCI Common Toxicity Criteria version 2.0 [CTC v2.0]), chemotherapy or radiation therapy within the previous 4 weeks, prior radiation to >50% of bone marrow, symptomatic central nervous system metastases, serious or uncontrolled concurrent medical illness, and highly active antiretroviral therapy. There was no limit on previous chemotherapy, excepting no previous bortezomib. All patients gave informed consent according to institutional guidelines.
Study design
Eleven institutions enrolled patients to one of Wve cohorts according to measured CrCl normalized to body surface area (BSA) of 1.73 m 2 . BSA normalization was employed to avoid penalizing smaller patients by placing them in poorer renal function groups. The cohorts were as follows: normal renal function, CrCl ¸60 ml/min/1.73 m 2 ; mild dysfunction, CrCl 40-59 ml/min/1.73 m 2 ; moderate dysfunction, CrCl 20-39 ml/min/1.73 m 2 ; severe dysfunction, CrCl <20 ml/min/1.73 m 2 ; and dialysis. Two separate 24-h urinary CrCl determinations that did not deviate by more than 25% were required, with the most recent being performed within 1 week before treatment. Cohort assignment was based on the most recent CrCl measurement. No minimum volume of urine within a 24-h period was required. Laboratories at each participating institution were used for creatinine assessments, and no cross-site standardization or corrections among laboratory assay methods were performed.
Bortezomib If no cycle 1 DLTs were observed, the dose was escalated for the next three-patient cohort in the same renal function group. If one of the Wrst three patients experienced a DLT, the cohort was expanded up to six. If ¸2 patients experienced a DLT at any dose level, dose escalation was terminated, and additional patients were enrolled at the next lowest dose level. A minimum of six patients were to be treated at the highest tolerated dose level in each renal function group. The normal renal function group included 15 patients treated at full dose as pharmacokinetic controls. At the time of study design, bortezomib 1.5 mg/m 2 was considered an appropriate full dose, but as further data became available, the full dose was designated as 1.3 mg/m 2 . All patients received full supportive care. By study design, the mild renal dysfunction group began dosing at 1.0 mg/m 2 , while the moderate, severe and dialysis groups began at 0.7 mg/m 2 . If dose escalation was halted in the mild or moderate dysfunction groups, further escalation above this dose level was not permitted in the more severe dysfunction groups. During the trial, the 1.3 mg/m 2 cohorts in the mild and moderate groups were each expanded to 12 patients to characterize more fully pharmacokinetic and pharmacodynamic parameters.
Laboratory tests were performed weekly, and response was evaluated using RECIST criteria [16] for solid tumors and appropriate criteria for hematologic malignancies [17] [18] [19] [20] .
Pharmacokinetic and pharmacodynamic analyses
Blood samples for pharmacokinetics were obtained on days 1 and 8 of cycle 1, before treatment and 5, 15, 30, and 60 min, and 2, 4, 6, 8, 12, and 24 h after bortezomib dosing. At each time, 5 ml of venous blood was drawn into an EDTA-containing tube and mixed gently. Samples were centrifuged immediately at 1,200£g for 15 min in a refrigerated centrifuge to prepare plasma, which was frozen immediately at ¡70°C or colder. Bortezomib concentrations in plasma were determined using a selective, accurate, and reproducible liquid chromatography/tandem mass spectrometry (LC/MS/MS) assay performed at Advion BioSciences, Inc, (Ithaca, New York). Following the addition of [ 13 C 9 ] bortezomib internal standard, plasma samples (0.15 ml) were subject to protein precipitation with 600 l of cold 0.1% formic acid in acetonitrile, vortex mixed and centrifuged. Supernatants were evaporated to dryness at 35°C and reconstituted in 100 l of acetonitrile:water (10:90, v/v). Chromatography was performed using a Luna C 18 (2) column (3 m, 2.1 £ 30 mm) (Phenomenex, Inc., Torrance, CA) and a 0.1% ammonium formate/acetonitrile gradient mobile phase (Xow rate 0.2 ml/min). Mass spectrometric detection was performed with a SCIEX API 3000 mass spectrometer (Applied Biosystems, Concord, Ontario), using selected reaction monitoring in the negative ion mode (m/z transitions 383.2 ! 322.2 for bortezomib; 392.2 ! 331.2 for internal standard). The assay demonstrated a lower limit of quantitation of 0.5 ng/ml for bortezomib. The calibration curve was linear from 0.5 to 30 ng/ml. The coeYcient of determination (r 2 ) of the calibration curve was 0.9955. The inter-assay precision (CV) of the analytical quality control samples ranged from 7.0 to 10.9%. The mean accuracy (% deviation) ranged from 7.3 to ¡4.8%.
Pharmacodynamic analysis involved assessment of 20S proteasome inhibition; 5-ml venous blood samples were collected on days 1 and 8 of cycle 1 prior to and 1, 6, and 24 h following completion of the bortezomib infusion. 20S proteasome activity was measured at Millennium Pharmaceuticals using a previously described assay based on proteasomal chymotryptic and tryptic activities [21] .
Data analysis
Individual plasma concentration versus time data were analyzed by non-compartmental methods using WinNonlin TM Version 5 to estimate bortezomib pharmacokinetic parameters on days 1 and 8. The primary pharmacokinetic endpoints for comparison between renal function groups were BSA-normalized plasma clearance of bortezomib (l/h/m 2 ) and total body plasma clearance of bortezomib (l/h). Dose-normalized C max and half-life were also calculated. Bortezomib clearance was descriptively summarized by renal function group, and linear regression analyses were performed to explore potential associations to BSAnormalized creatinine clearance. Percentage inhibition of blood 20S proteasome activity was summarized and graphically presented over time, by dose group and renal function category. ), 3 to the severe dysfunction group (CrCl <20 ml/ min/1.73 m 2 ), and 9 to the dialysis group.
Results
Patient demographics (
Bortezomib exposure and clinical toxicities
A total of 263 cycles of bortezomib were administered (Table 2) . Eight patients received >6 cycles of therapy. Toxicities were mild overall. There were no severe drugrelated toxicities, and myelosuppression was modest ( Table 3 ). The main non-hematologic toxicities included nausea, vomiting, diarrhea, fatigue, and peripheral neuropathy (Table 3 ). Only one DLT was reported; a grade 3 hypotensive event in cycle 1 in the moderate dysfunction group. There were no grade 4 toxicities. The 15 patients with normal renal function received a total of 99 cycles of bortezomib (Table 2) . One patient received one cycle of bortezomib 1.5 mg/m 2 ; the remainder received bortezomib 1.3 mg/m 2 . Grade 3 toxicities included neutropenia, lymphopenia, diarrhea (improved with maximal anti-diarrheal therapy), and fatigue (Table 3) .
In the mild dysfunction group, 3 patients received a total of 8 cycles of bortezomib 1 mg/m 2 , and 14 patients received a total of 32 cycles of 1.3 mg/m 2 ( Table 2 ). Both dose levels were well tolerated (Table 3) . Myelosuppression was modest and included infrequent grade 3 lymphopenia, grade 3 thrombocytopenia, and grade 3 neutropenia Other solid tumors 9 6 6 2 3 26 (Table 3) . Grade 3 non-hematologic toxicities included nausea and fatigue (Table 3 ). In the moderate dysfunction group, 4 patients received a total of 20 cycles of bortezomib 0.7 mg/m 2 , 3 received a total of 30 cycles of 1 mg/m 2 , and 11 received a total of 39 cycles of 1.3 mg/m 2 ( Table 2) . One patient had a grade 3 hypotensive event in the Wrst cycle, which was considered a DLT. Other grade 3 toxicities included lymphopenia, thrombocytopenia, anemia, and fatigue (Table 3) .
Only three patients were enrolled to the severe dysfunction group, and they received a total of 4 cycles of bortezomib 0.7 mg/m 2 ( Table 2 ). All cycles were well tolerated. Grade 3 toxicity consisted of one case of lymphopenia (Table 3 ).
In the dialysis group, 3 patients received a total of 6 cycles of bortezomib 0.7 mg/m 2 , 2 received a total of 6 cycles of 1 mg/m 2 , and 4 received a total of 19 cycles of 1.3 mg/m 2 ( Table 2) . Overall, treatment was well tolerated. Grade 3 toxicities included lymphopenia, anemia, thrombocytopenia, vomiting, diarrhea, and fatigue (Table 3) .
EYcacy evaluation
Fifty-seven of the 62 patients were evaluable for response. Five patients were not evaluable due to discontinuation per patient wishes prior to disease evaluation. One MM patient in the normal group had a partial response and remained on study for 16 months. Of the 28 patients with stable disease as best response, 8 had MM (3 received >6 cycles), 7 had renal carcinoma (2 received >6 cycles), 5 had prostate adenocarcinoma (1 received >6 cycles), and the remaining 8 had a variety of solid tumors.
Pharmacokinetics
Of the 62 enrolled patients, 56 who received bortezomib on days 1, 4, and 8 of cycle 1 without dose reductions or interruptions and had adequate bortezomib plasma concentration versus time data for pharmacokinetic analysis were included in the pharmacokinetic-evaluable population. Across all Wve renal function groups and dose levels, bortezomib displayed multiexponential disposition kinetics on days 1 and 8, with a rapid initial distribution phase characterized by a steep decline in plasma concentrations (>10-fold decrease, on average, over the Wrst hour post-dose) followed by a slower decline in plasma concentrations in the terminal phase. Visual inspection of median plasma concentration versus time plots indicated similar pharmacokinetic proWles across the renal function groups (Fig. 1) . Consistent with the similar pharmacokinetic proWles, mean plasma clearance values of bortezomib (expressed either as total body clearance or as BSA-normalized clearance) were similar across the renal function groups (Table 4) . Across the renal function groups, mean bortezomib clearance on day 1 was 2.3-2.9-fold higher than the corresponding values on day 8, an observation that is consistent with the previously characterized clinical pharmacokinetics of bortezomib following repeated administration [22] . A broad range of overlapping bortezomib clearance values were found in all renal function groups. The distributions of bortezomib clearance were similar and overlapping across the Wve renal function groups including dialysis patients (Fig. 2a, c) . Scatter plots of BSA-normalized bortezomib clearance versus BSA-normalized creatinine clearance as a continuous variable and the associated regression lines and 95% conWdence bands (Fig. 2b, d ) did not reveal relationships between creatinine clearance and bortezomib clearance on days 1 or 8 over the approximately 13-fold range of BSA-normalized CrCl (»10 to »130 ml/min/1.73 m 2 ) in the study population, supporting the conclusion that CrCl was not predictive of bortezomib clearance. In addition, when considered in the context of inter-patient variability, renal impairment had no readily apparent eVects on bortezomib dose-normalized C max or half-life (Table 4) . 
Non-hematologic AEs, n
Nausea/ vomiting However, estimates of bortezomib half-life in this study should be considered as approximate estimates because the 24-h duration of pharmacokinetic sampling may not have been suYcient to capture the true terminal phase half-life of bortezomib [22, 23] .
Pharmacodynamics
Whole blood samples from all 62 patients were assayed for 20S proteasome inhibition within red blood cells. Pharmacodynamic proWles on days 1 and 8 at the 1.3 mg/m 2 dose are shown in Supplementary Fig. 1 by renal function group. Consistent with the pharmacokinetic observations, renal dysfunction had no readily apparent eVect on 20S proteasome inhibition.
Discussion
This comprehensive evaluation of bortezomib in cancer patients with renal dysfunction demonstrates that singleagent bortezomib 1.3 mg/m 2 administered on days 1, 4, 8, and 11 every 3 weeks is well tolerated in patients with CrCļ 20 ml/min/1.73 m 2 , as well as dialysis patients. Extrapolation from the clinical and pharmacologic data suggests that therapy at doses established to be clinically eVective in the general population can be given to patients with severe renal dysfunction (<20 ml/min/1.73 m 2 ), including dialysis patients. In all renal dysfunction groups, the safety proWle was similar to that in patients with normal renal function. Toxicities were generally mild, and no unexpected toxicities were seen, even in dialysis patients. These results conWrm observations from previous retrospective studies and subanalyses of phase 3 trials of bortezomib in patients with MM [14, 15, 24, 25] .
The pharmacokinetics of bortezomib were not inXuenced by degree of renal dysfunction. As bortezomib clearance was similar across all renal function groups. The bortezomib clearance values observed in this study are similar to those seen in studies of bortezomib in patients with normal renal function [22, 23] . The decrease in clearance from day 1 to day 8 and the variability in bortezomib clearance among patients are also consistent with results of other studies [22, 23] . Considering that clearance is the primary pharmacokinetic parameter governing the relationship between dosing and drug exposure, these results support the conclusion that bortezomib dose modiWcations are not required for patients with renal dysfunction, including dialysis patients. These results are consistent with the known elimination mechanism of bortezomib, which primarily involves hepatic metabolism [26] . Additionally, the pharmacodynamic proWles, as measured by 20S proteasome inhibition, were comparable across the renal function groups. Thus, knowledge of a patient's renal function would not aid in dose individualization. These data support the clinica data indicating that bortezomib dose modiWcation is not required for patients with renal dysfunction.
One potential limitation of the study was the lack of standardization of methods used for creatinine measurement at diVerent participating sites. Leger and colleagues demonstrated that uncorrected use of the older JaVe colorimetric assay for serum creatinine instead of the biochemical creatinine amidohydrolase enzymatic assay results in underestimation of CrCl, potentially leading to under-dosing of carboplatin [27] . Given the lack of association between bortezomib distribution and clearance and renal function in this study, this limitation is probably not relevant.
The planned accrual was not reached for the severe renal dysfunction group, as it was diYcult to enroll patients with this level of renal dysfunction and not already on dialysis. This raises a practical question of whether the arbitrary grouping of renal impairment in our study precluded determining the MTD in this cohort, and whether a broader deWnition of severe renal impairment should be adopted in future studies. This multicenter trial highlights how close collaboration among industry, academia, and the federal government can address important clinical questions for the beneWt of cancer patients.
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